The interplay between dyslipidemia-induced inflammation and angiogenesis remains poorly understood. Results: Inhibition of caspase-1 improves VEGFR-2 signaling, tube formation, and blood perfusion in ischemic tissues.
Dyslipidemia, a risk factor for cardiovascular disease and stroke, is defined as pathologically elevated plasma concentrations of cholesterol and other lipids, which are commonly found in patients with atherosclerosis (1) . Atherosclerosis and its complications, such as myocardial infarction, peripheral artery disease, and stroke, are the leading causes of morbidity and mortality in the United States (2) . Reports from our laboratories and others' support the notion that dyslipidemia, proinflammatory mediators, and other risk factors promote endothelial cell activation via several mechanisms, including EC 2 activation and injury (2, 3) , the increase of monocyte recruitment and differentiation (4, 5) , and the decrease of CD4 ϩ CD25 ϩ regulatory T cell population (6, 7) , etc. EC activation has features of the up-regulation of EC adhesion molecules such as intercellular adhesion molecule-1 and increased secretion of inflammatory cytokines and chemokines, which are defined as an initial event responsible for monocyte recruitment in atherogenesis (8) . Moreover, we have recently reported that early hyperlipidemia promotes EC activation in early atherogenesis via the caspase-1-sirtuin-1 pathway (9), suggesting that ECs, similar to other innate immune cells, also have sensorresponse functions for elevated metabolites.
Caspase-1, a member of the cysteine protease family of caspases, is initially synthesized in the cell cytosol as procaspase-1, an inactive zymogen, and requires the post-translational assembly of a nucleotide-binding and oligomerization domain-like receptor family member-containing protein complex termed "inflammasome" for enzymatic activation. Activated caspase-1 is required for cleaving/processing pro-interleukin-1␤ (IL-1␤) and pro-IL-18 into mature pro-inflammatory cytokines IL-1␤ and IL-18, respectively, and the activation of other inflammatory pathways (10) . Recently, we reported that * This work was supported, in whole or in part, by National Institutes of Health in early atherosclerosis the caspase-1-inflammasome pathway in ECs can sense elevated lipids as endogenous metabolic danger signal-associated molecular patterns (DAMPs) and activate ECs (9, 10) .
ECs that line the inner surface of the vessel wall are the first cells exposed to metabolite-related endogenous danger signals in the circulatory system (1). The issue of whether different EC sizes (11) and EC proliferation status respond differently to dyslipidemic stimuli remains unknown. To address these issues, we searched for an EC sensing-response system for metabolic danger signals and dyslipidemia. The receptors for pathogenassociated molecular patterns have been recently characterized, which bridge the signals generated by the sensory systems for exogenous pathogen-associated molecular patterns and endogenous DAMPs to the initiation of inflammation (12) . The Toll-like receptors (TLRs), mostly located on plasma membranes, recognize a variety of conserved microbial pathogenassociated molecular patterns and metabolic DAMPs and promote inflammatory gene transcription and expression. As we pointed out previously in our model of inflammation privilege (13) for the tissues in which inflammasome component genes are not constitutively expressed, Toll-like receptors also work in synergy with cytosolic sensing receptor families, including nucleotide binding and oligomerization domain-like receptors in recognizing endogenous DAMPs in mediating the up-regulation of a range of inflammatory genes (10) .
It has been reported that dyslipidemia attenuates EC proliferation in vitro and angiogenesis in vivo (14 -16) and that vasculitis is an antiangiogenic state (17) . Deficient angiogenesis may contribute to poor prognosis of dyslipidemia-related diseases after ischemic events such as myocardial ischemia, peripheral arterial disease, ischemic stroke, etc. Under ischemic conditions, various types of inflammatory cells are recruited and play an active role in vascular repair and tissue remodeling in the context of myocardial infarction (18) . The mechanism underlying the interplay between lipid stimulus-induced EC activation and inflammation and endothelial cell-mediated angiogenesis under ischemic and inflammatory environment is not well defined.
The binding of VEGFR-2 promotes EC survival, angiogenesis, endothelium wound healing, and repair of the damaged existing vasculature (19, 20) . Three VEGFRs such as VEGFR-1, VEGFR-2, and VEGFR-3 are expressed exclusively in ECs (21), among which VEGFR-2 (also termed KDR/Flk-1) plays a central role in EC function and proliferation (19, 22) . It was reported that matrix metalloproteinase 3 and 9 are responsible for alcohol-induced VEGFR-2 protein degradation in human brain ECs (23) . However, an important question remains, whether the transcript levels of VEGFR-2 in ECs are regulated by the activation of caspase-1 in the dyslipidemic and inflammatory environment.
Our novel hypothesis in this study is that the inhibition of caspase-1 attenuates pyroptosis (inflammatory cell death) in ECs, improves EC survival mediated by VEGFR-2 signaling, angiogenesis, and ischemia's prognosis under dyslipidemic and inflammatory environments. To examine this hypothesis, we used the hind limb ischemia model in caspase-1 KO mice and stimulated HAECs with proatherogenic lipids, oxidized low density lipoprotein (oxLDL), carbamylated LDL, oxLDL-derived lipids, lysophosphatidylcholine (LPC), and lysophosphatidic acid (LPA) (24) . Our results showed that caspase-1 inhibition improves the tube formation of LPC-treated HAECs and that caspase-1 depletion improves angiogenesis and blood flow in mouse hind limb ischemic tissues. Our results have demonstrated for the first time that inhibition of proatherogenic caspase-1 activation in ECs improves angiogenesis and the prognosis of ischemia.
Materials and Methods
Reagents-The oxLDL and carbamylated LDL were purchased from Biomedical Technologies (Stoughton, MA). LPC and LPA were purchased from Avanti Polar Lipids (Alabaster, AL). Hydrogen peroxide (H 2 O 2 ) was purchased from Sigma. Vascular endothelial growth factor receptor II inhibitor (SU1498) was purchased from EMD Millipore (Billerica, MA).
Human Aortic Endothelial Cell Culture-Human aortic endothelial cells (HAECs) were purchased at Clonetics Corp. (San Diego). The cells were cultured in a 2% gelatin-coated 75-cm 2 flask in M199 (Hyclone Labs., Logan, UT) with 20% fetal bovine serum (FBS), 1% penicillin/streptomycin (Invitrogen), 3 ng/ml EC growth supplement (BD Biosciences), and 5 units/ml heparin (Sigma) at 37°C under 5% CO 2 , 95% air until passage 8. For experiments, HAECs (Յ passage 9) were used and treated with the desired stimuli for the indicated time.
Caspase-1 Activity Assay-Active caspase-1 levels were determined with an APO LOGIX kit (Cell Technology, Mountain View, CA). The kit contained a carboxyfluorescein (FAM) (excitation/emission (nm): 490/520)-labeled peptide fluoromethyl ketone (FMK) caspase-1 inhibitor (FAM-YVAD-FMK), which irreversibly binds to active caspase-1. The procedures were performed according to the manufacturer's instructions. HAECs were cultured in 6-well dishes and serum-starved overnight to ensure quiescence of the cells before treatment. The next day, HAECs were treated with the indicated stimuli for 6 h. Cells were harvested and suspended at 1 ϫ 10 6 cells/ml. The cell suspension (150 l) was incubated in 37°C with 1ϫ FAM-YVAD-FMK for 1 h. After being washed with 1ϫ washing buffer, the cells were fixed with fixative buffer and stored in 4°C for up to 24 h. To determine the cell membrane integrity, the unfixed cells were stained with 7-AAD (Pharmingen) (0.25 g/test) and incubated for no more than 10 min before analysis.
Flow Cytometer-The FACSCalibur flow cytometer (BD Biosciences) was used to determine FAM ϩ staining (caspase-1 activity marker, FL-1 channel), 7-AAD ϩ staining (cell membrane integrity marker, FL-4 channel), and ICAM-1 staining (adhesion molecule marker, FL-4 channel).
Data Analysis Using FlowJo Software-All flow cytometric data were analyzed by using the FlowJo software (Tree Star, Ashland, OR). The uncompensated data were collected from the flow cytometer (either FACSCalibur flow cytometer or LSRII flow cytometer; BD Biosciences). Forward and side scatter gates were used to select live cell populations from clumps and debris. The positive gating was determined by its matched IgG control, and single staining was used to determine the compensation parameter. Different gates were established to analyze the data according to cell size as described in our figures.
Mice-Wild-type mice were obtained from The Jackson Laboratory (Bar Harbor, ME).
) mice in a C57BL/6J background were generously provided by Dr. Richard Flavell's laboratory (Yale University School of Medicine, New Haven, CT). Mice were housed in a specific pathogen-free environment. Mice were maintained on a normal chow diet (5% fat, Lab diet 5001). Animal procedures were performed in accordance with the approval of Institutional Animal Care and Use Committee (IACUC) of Temple University.
Murine Hind Limb Ischemia Model-Age-matched 8-weekold male mice were used to create the mouse model of hind limb ischemia as reported previously (25) . An incision was made in the skin at the mid-portion of the right hind limb. The femoral artery and vein were then dissected free from nerve. Proximal and distal portions of the femoral artery were ligated followed by complete excision from the hind limb.
Laser Doppler Perfusion Imaging-Blood perfusion in the hind limb was monitored by using laser Doppler perfusion imaging (Lisca, North Brunswick, NJ). The mice were anesthetized before initiating the image scanning. For each time point, the laser Doppler image obtained was analyzed by averaging the perfusion and expressed as the relative unit of flux, as determined by Moor Instruments, over the surface of the ischemic and nonischemic foot.
Tube Formation Assay-The Matrigel matrix (Bedford, MA) was used to coat the 96-well plates. Human aortic endothelial cells were cultured. The cells were treated with caspase-1 inhibitor (Anaspec, Fremont, CA) and proatherogenic stimulus LPC for 24 h. HAECs were harvested and suspended. Cell concentration was determined and added to each Matrigel-coated well and incubated for 16 -18 h. Images were collected using the inverted microscope.
Data Analysis-The experiments were performed at least three times, and results were expressed as the means Ϯ S.E. Statistical comparison of single parameters between two groups was performed by paired Student's t test, and multiple group comparisons were performed by one-way analysis of variance. Data were considered statistically significant if p was Ͻ0.05.
Results

Proatherogenic Oxidized Lipids Induce Higher Caspase-1 Activation in the Larger Sizes of HAECs than in Smaller Sizes of
HAECs-To examine our hypothesis that the size and growth status of endothelial cells regulate caspase-1 activation induced by proatherogenic lipids, we performed the stimulation of HAECs followed by flow cytometric analysis, and we determined the caspase-1 activation in the five groups of HAECs, including untreated control, oxLDL-treated, LPA-treated, LPCtreated, and H 2 O 2 -treated control. The results showed that proatherogenic lipids significantly activate caspase-1 (Fig. 1A) . To determine whether caspase-1 is activated differently in various cell sizes of HAECs in response to proatherogenic lipid stimulation, we used the forward scatter (FSC) function in the y axis to establish the cell size and caspase-1 activation in the x axis to determine the activation of HAECs during the analysis of the FACS data using the FlowJo software. The results in the dot plot (Fig. 1B, upper panel) showed that caspase-1-positive population spreads in a slightly diagonal manner along the forward scatter (y axis) and caspase-1 activity (x axis), suggesting a possibility that larger sizes of cells have higher caspase-1 activity than smaller sizes of HAECs. After gating out HAECs into three populations, large, medium, and small using FSC in the y axis, we examined caspase-1 activation in the x axis in these three cell size populations as we described previously. The results showed that oxLDL, LPA, and LPC induce caspase-1 activation in a larger size of HAECs by 63.6, 54.4, and 52.8%, respectively, higher than that in the smaller size of HAECs (14.4, 25.2, and 38.2%) (Fig. 1, B and C) , suggesting that caspase-1 activation is associated with high cell growth status in larger cell sizes and that various lipid stimuli show no significant differences in activating caspase-1 in various sizes of HAECs. Of note, our previous studies only reported the effect of oxLDL in activating caspase-1 in HAECs. Here, we found the new results on the effects of other proatherogenic lipids in promoting caspase-1 activation (9) . Taken together, the results demonstrated that proatherogenic lipids induce caspase-1 activation in HAECs, which may promote EC activation in a larger size of cells and inflammatory cell death in a smaller size of cells.
Proatherogenic Lipids Significantly Increase Pyroptosis in Smaller Sizes of Human Aortic Endothelial Cells than in Larger
Sizes of the Cells-Inflammatory cell death (pyroptosis) is a newly characterized form of cell death with the features of caspase-1 activation, plasma membrane rupture, and release of inflammatory factors (26) . In Fig. 1 , B and C, we noticed that caspase-1 activities in LPC-treated HAECs and H 2 O 2 -treated positive control HAECs are lower in the medium sizes of HAECs than in the smaller sizes of cells, suggesting that increased caspase-1 activities in the smaller sizes of cells result in poorer survival and decreased sizes of cells. To examine the hypothesis that proatherogenic lipids promote caspase-1 activation and promote higher EC pyroptosis in the smaller size of HAECs compared with the larger size of HAECs, we stimulated HAECs with LPC and co-stained them with the caspase-1 fluorescence probe to analyze the activation of caspase-1 and the viable fluorescence dye 7-AAD to determine the plasma membrane integrity, viability, and pyroptosis. We first analyzed the activation of caspase-1 in HAECs, and we established the y axis as FSC, which evaluates the cell size, and the x axis to measure the activation of caspase-1. Using these parameters, we analyzed caspase-1 activation in three sizes of cell populations. After that, we analyzed the 7-AAD staining that determines HAEC pyroptosis in different sizes of caspase-1(ϩ) HAECs. The results showed that in LPC-treated HAECs, the smaller size of caspase-1(ϩ) cells has an increase in pyroptosis (38.77%) compared with that in medium size (20.17%) and that in the large size of caspase-1(ϩ) HAECs (9.93%). The bar graphs results in Fig. 2 showed that LPC stimulation significantly induced 7-AAD ϩ pyroptosis from 22.50 to 38.77% in smaller size of caspase-1(ϩ) HAECs (p Ͻ 0.01). However, LPC stimulation did not induce significant pyroptosis in the medium and larger size of caspase-1(ϩ) HAECs from 10 to 12% (p Ͼ 0.05). It should be noted that in unstimulated cells, the percentage of 7-AAD ϩ cells in the smaller sizes of HAECs (22.50%) was much higher than that in both the medium size (10.71%) and larger size of HAECs (10.49%), suggesting that the membrane integrity in the medium and larger sizes of caspase-1(ϩ) HAECs is significantly better preserved than that of the smaller sizes of caspase-1(ϩ) HAECs. The results demonstrated that caspase-1 activation induced by LPC in the larger sizes of HAECs may promote EC activation but not significant pyroptosis and that as HAECs become smaller in size, LPC-induced caspase-1 activation promotes measurable pyroptosis.
VEGFR-2 Inhibition Increases Caspase-1 Activation in HAECs
Induced with LPC Treatment-Our data suggest that as cell growth status improves, endothelial cell size becomes larger and less pyroptotic than smaller cell sizes. These results lead us to hypothesize that vascular endothelial growth factor signaling may inhibit caspase-1 activation and pyroptosis. To examine this possibility, we searched for supporting evidence with unpublished microarray data deposited in the National Institutes of Health NCBI-Geo-Profile database. The experimental data of a microarray analysis with vegfr2 gene knockdown (KD) samples, compared with wild-type control samples in two different time courses (84 and 95 h after gene knockdown), showed that the expressions of caspase-1 and inflammasome component apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) were increased at a ratio of 1.48 and 2.45, respectively (p ϭ 0.00014 -0.06443) (Fig. 3A) . The expression of two caspase-1 substrates, such as IL-1␤ and IL-18, and two housekeeping genes was not significantly changed. To further consolidate the conclusion, we then stimulated HAECs with LPC in the presence or absence of the VEGFR-2 inhibitor SU1498, followed by co-stained HAECs with a caspase-1 activity probe. The results showed that VEGFR-2 inhibition increases caspase-1 activation in HAECs (Fig. 3B) . These results suggest that VEGFR-2 cell growth signaling inhibits caspase-1 activation and cell death.
Caspase-1 Activation Inhibits VEGFR-2 Expression-As indicated above, our results give rise to the following question. How can caspase-1 promote HAEC activation (9) in larger cell sizes and simultaneously enhance pyroptosis in the smaller size of HAECs? One possibility is that caspase-1 activation and VEGFR-2 signaling interplay each other in their functions. To examine this possibility, we analyzed the National Institutes of Health NCBI-Geo-Profile database. The experimental data of a microarray analysis showed that the ratio of VEGFR-2 expression levels in the wild-type control samples versus caspase-1 gene-deficient (KO) samples was 0.62 (Fig. 4A) , suggesting that VEGFR-2 expression is increased in caspase-1 gene depletion samples and that caspase-1 activation inhibits VEGFR-2 signaling. The caspase-1 expression level was 22.23-fold higher in wild-type samples than in caspase-1 KO samples, justifying the bona fide comparison of wild-type samples and caspase-1 KO samples.
In addition, the expression levels of three housekeeping genes were within the range of 1.04 to 0.99, suggesting the high quality of the microarray experimental datasets. To gain further support for our conclusion, we then stimulated HAECs with LPC in the presence or absence of caspase-1 inhibitor followed by the analysis of the FACS data, which showed that after the inhibition of caspase-1 in LPC-treated HAECs, VEGFR-2 expression was increased (Fig. 4B) . We further determined the expression of VEGFR-2 after caspase-1 inhibition in LPCtreated HAECs in different cell sizes. Three gates were established according to the cell size using FSC in the y axis to analyze the cell sizes and VEGFR-2 expression in the x axis. The results showed that pretreatment with caspase-1 inhibitor in LPC-treated HAECs increased the expression of VEGFR-2 when compared with LPC-treated HAECs from 11.3 to 22.1% in the smaller size of HAECs, from 22.1 to 50.0% in the medium size of HAECs, and from 34.3 to 64.4% in the larger size of HAECs (Fig. 4, C and D) . It has been demonstrated in our recent report that caspase-1 deficiency in apolipoprotein E (apoE) Ϫ/ Ϫ /caspase-1 Ϫ/Ϫ mouse aorta and the inhibition of caspase-1 in ECs result in accumulation of anti-inflammatory protein/histone deacetylase sirtuin 1 (Sirt1), which is a proteolytic sub- A microarray data-mining analysis was performed by analyzing the indicated microarray dataset deposited in the National Institutes of Health NCBI-Geo-profile database. The gene expression value was determined based on the relative threshold cycle on the database. Caspase-1 expression was used as a control to show that caspase-1 expression was absent in the caspase-1 gene depletion samples. In addition, depletion of caspase-1 slightly increases the expressions of the caspase-1-cleaving substrates cytokines IL-1␤ and IL-18. As the microarray data quality controls, caspase-1 depletion did not significantly change the expressions of three housekeeping genes, Gadph, Nono, and Aldoa. B, caspase-1 inhibition and Sirt-1 activation increase the expression of VEGFR-2 after LPC treatment in HAECs. HAECs pretreated with the caspase-1 inhibitor (10 M) and Sirt-1 activator (10 M) and then treated with LPC (30 M) for 6 h have an increased expression of VEGFR-2. C, three cell size gates were established, small, medium, and large according to FSC (y axis); and VEGFR-2 expression (x axis) was measured in those gated cells to analyze differential VEGFR-2 expressions according to the cell size after treatments with LPC (30 M), caspase-1 inhibitor (10 m), and Sirt-1 activator (10 m) for 6 h. The analysis shows increases in VEGFR-2 expression as the cell sizes became larger. D, bar graphs show the quantitation data of VEGFR-2 expressions. *, p Ͻ 0.05. strate of caspase-1, suggesting that caspase-1 activation in early atherogenesis promotes endothelial activation via a Sirt1 degradation pathway (9) . To determine whether activation of Sirt1 has the same effect as inhibition of caspase-1 in promoting VEGFR-2 expression, we performed the same experiment as previous ones using Sirt1 activator pretreatment in LPCtreated HAECs. We used the same method to analyze the data according to cell sizes and VEGFR-2 expression. The VEGFR-2 expression was increased in LPC-treated HAECs pretreated with Sirt-1 activator compared with LPC-treated HAECs. The VEGFR-2 expression in the above-mentioned groups increased from 11.3 to 21.0% in the smaller size of HAECs, from 22.1 to 52.5% in the medium size of HAECs, and from 34.3 to 70.2% in the larger size of HAECs. Taken together, the results suggest that LPC-induced caspase-1 activation decreases VEGFR-2 expression levels in HAECs, whereas the inhibition of caspase-1 and activation of Sirt-1 rescue VEGFR-2 expression levels in LPC-treated HAECs.
Caspase-1 Inhibition Improves Tube Formation of LPCtreated Human Aortic Endothelial Cells-Because EC tube formation assay has been widely used in determining VEGFR-2-mediated angiogenesis (27) , we used the EC tube formation assay in the Matrigel to test the hypothesis that caspase-1 inhibition improves VEGFR-2-mediated HAEC tube formation. To test this hypothesis, we performed tube formation assays with untreated HAECs, LPC-treated HAECs, and LPC plus caspase-1 inhibitor co-treated HAECs. The results showed that the lengths of the total master segment length (in micrometers) of tube formation in LPC-treated HAECs were significantly lower (317 m) than in untreated HAEC controls (718 m). In addition, LPC plus caspase-1 inhibitor co-treated HAECs have restored the EC tube formation (827 m) (Fig. 5) . The results suggest that caspase-1 inhibition not only increases VEGFR-2 expression levels but also functionally improves VEGFR-2-mediated EC tube formation.
Caspase-1 Depletion Improves Angiogenesis and Ischemia/ Normal Blood Perfusion Ratio in Hind Limb Ischemic Mouse
Tissues-Because the mouse model of hind limb ischemia has been widely used in determining the gene effect on hind limb ischemia-triggered angiogenesis (25), we performed the hind limb ischemia model on wild-type mice and caspase-1 KO mice followed by the blood flow measurement with the LDSII Doppler at days 0 -3, 7, 10, and 21. The results showed that caspase-1 depletion increased the ischemia/normal leg blood perfusion ratios from 25.5 to 32.7% on day 1, from 37.8 to 44.1% on day 3, and from 57.62 to 66.49% on day 7, respectively, in hind limb ischemia-affected tissues in caspase-1 KO mice in comparison with that in wild-type mice at the same time points (p Ͼ X Ϯ 2SD) (Fig. 6) . The results suggest that caspase-1 depletion improves angiogenesis and blood supply in hind limb ischemic mouse tissues.
Discussion
The importance of caspase-1 in tissue injury is evidenced by in vivo studies demonstrating that caspase-1 inhibition protects against ischemic injury in brain (28) , heart (29) , and liver (30) . It has been reported that dyslipidemia attenuates EC proliferation in vitro and angiogenesis in vivo (14 -16) . Although the role of caspase-1 in the dyslipidemic environment and atherogenesis remains controversial (31) , the dominant concept supported by our own report (9) is that caspase-1 plays a proatherogenic role, which is supported by results collected from apoE Ϫ/Ϫ /caspase-1 Ϫ/Ϫ mice (9, 32, 33) (33) studied the role of caspase-1 deficiency in full-blown atherosclerosis in apoE Ϫ/Ϫ mice after high fat feeding for 8 weeks (32) and 12 weeks (33). The differences of endothelial cell sizes were observed previously (37, 38) . In addition, endothelial cell sizes were correlated with different proliferation statuses (39) . Nonuniformity of important regulatory molecule expression in ECs, such as endothelial nitric-oxide synthase, was also reported (40) .
Our results have addressed the issue about the mechanism in the interplay between inflammatory environment, initiation of EC activation, inflammatory cell death (pyroptosis) in ECs, angiogenesis impairment in ECs, and ischemia in animal tissue. We examined caspase-1 activation in ECs, EC pyroptosis, the microarray data, EC tube formation, and hind limb ischemia mouse model, and we investigated our novel hypothesis that the inhibition of caspase-1 in ECs attenuates EC pyroptosis, improves VEGFR-2-mediated ECs survival, angiogenesis, and ischemia's prognosis under inflammatory and dyslipidemic environment. We have made the important finding that dyslipidemic environment induces higher caspase-1 activation in the larger sizes of HAECs than in smaller sizes of HAECs. Moreover, the smaller HAECs have higher pyroptosis rates than larger HAECs after stimulation with proatherogenic lipids. The activation of caspase-1 after stimulation with proatherogenic lipids promotes ECs activation as judged by increased intercellular adhesion molecule-1 expression in HAECs as we demonstrated previously (9) . Our results show that the inhibition of VEGFR-2 increases caspase-1 activation in HAECs induced by LPC treatment and that the activation of caspase-1 inhibits VEGFR-2 expression in HAECs. The molecular data were further consolidated with the evidence in functional angiogenesis models that caspase-1 inhibition improves tube formation of LPC-treated HAECs and the depletion of caspase-1 improves angiogenesis and blood supply in the hind limb of ischemic mouse tissues.
Although microvascular endothelial cells are often involved in angiogenesis, aortic endothelial cells are also used as experimental models for angiogenesis such as the aortic ring angiogenesis model (41) . In addition, neovessel formation was recently found in the human thoracic aneurysm of the ascending aorta (42) and revascularization in atherosclerotic aorta (43) . The use of aortic endothelial cells in the commonly used experimental angiogenesis model and the involvement of aortic endothelial cells in pathological angiogenesis and atherosclerosis justified our use of aortic endothelial cells in this study.
Our recent review summarized that there are 11 endogenous metabolic stress-related danger signals, including oxLDL and cholesterol crystals that induce caspase-1 activation (10). However, the issue of whether several oxLDL-derived lipids, such as LPC and LPA (24) , can induce caspase-1 activation was not clear. Our results reported here have demonstrated for the first time that LPC and LPA, small non-crystal lipids, can induce caspase-1 activation, presumably not via particle-lysosome pathway (10) . Because LPA acts on the LPC receptors, including LPA1-6 G protein-coupled receptors (38) , and LPC acts on the LPC receptor, GPCR-G2A (44) , the signals from these receptors to activate caspase-1 have been intensely studied in our investigation.
It was reported that lipopolysaccharide induces a caspase-3/ caspase-1-dependent EC apoptosis, which can be inhibited by VEGF (45) . However, we showed for the first time that VEGFR-2 signaling inhibits caspase-1-dependent pyroptosis, which is demonstrated by positive 7-AAD staining. Of note, 7-AAD staining is not a feature of apoptosis (26) . In addition, the detailed molecular mechanisms underlying caspase-1 inhibition of VEGFR-2 transcript expression remain unknown. It was reported that caspase-1 generated proatherogenic cytokine IL-1␤, which counteracts mechanical signals that induced VEGFR-2 signaling and inhibits EC proliferation (46) . However, the question of whether other caspase-1 substrates, including IL-18 and sirtuin 1 (9) , have direct effects on VEGFR-2-induced EC proliferation remains unknown. Our unpublished results showed that caspase-1 has an IL-1␤, IL-18, and sirtuin 1-independent transcription regulatory effect.
In our newly proposed working model (Fig. 7) , we summarize our findings and highlight the current understanding that the larger size of HAECs has higher VEGFR-2 expression and less caspase-1(ϩ) induction of pyroptosis than the smaller cells under the dyslipidemic and inflammatory environment, which promotes cell survival and angiogenesis and improves the prognosis of the ischemia. In contrast, under dyslipidemic and inflammatory environments, the smaller size of HAECs has an increase in caspase-1(ϩ) induction of pyroptosis and less VEGFR-2 expression than the larger cells that decrease the angiogenesis and cell survival and worsen ischemia's prognosis. In summary, there is a mutual inhibition between the VEGFR-2 signaling pathway and caspase-1 activation in endothelial cells. Our novel results provide important insight on the future development of a novel therapeutic approach, based on the inhibition of caspase-1 for suppression of vascular inflammation and improvement of angiogenesis and ischemia prognosis under inflammatory environments (47) .
